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We report the unprecedented square-planar coordination of iridium in the iron iridium arsenide 
Ca 10 (Ir 4 As 8 )(Fe 2 As 2 ) 5 . This material experiences superconductivity at 16 K. X-ray photoemission 
spectroscopy and first-principles band calculation suggest Ir(II) oxidation state, which yields electrically 
conductive Ir 4 As 8 layers. Such metallic spacer layers are thought to enhance the interlayer coupling of 
Fe 2 As 2 , in which superconductivity emerges, thus offering a way to control the superconducting transition 
temperature. 

Platinum exhibits a rich variety of coordination geometries. For instance, all of the basic polyhedral forms, 
including octahedral 1 , triangle-planar 2 , tetrahedral 3 , and square-planar 4 " 7 , can be seen in platinum 
arsenides. The diversity of coordination chemistry allows us to synthesize many functional materials, such 
as superconductors. The following are prominent platinum- arsenide superconductors: SrPt 2 As 2 , which consists 
of PtAs 4 tetrahedra 3 , exhibits superconductivity at a transition temperature of T c = 5.2 K 8 , in which a charge 
transfer from donor to acceptor layers 9 and subsequent emergence of charge-density waves has been discussed 3 ' 8 ; 
SrPtAs, which consists of PtAs 3 triangles 2 , shows superconductivity at 2.4 K 10 , for which a broken time-reversal 
symmetry in a locally noncentrosymmetric structure has been proposed 11 ; Ca 1 o(Pt 4 As 8 )(Fe 2 _ x Pt c As 2 ) 5 , 
which consists of PtAs 4 planar squares, exhibits superconductivity at 38 K 4 " 7 , and therefore constitutes a 
member of the iron-based superconductors 12 " 14 . Palladium exhibits similar coordination chemistry 15 " 18 ; 
Ca 10 (Pd 3 As 8 )(Fe 2 _ x Pd x As 2 )5 with PdAs 4 planar squares was reported very recently to exhibit superconductivity 
at 17 K 18 . 

In contrast, iridium shows limited coordination geometries; only octahedral and tetrahedral coordination are 
known in arsenides, as in IrAs 3 19 and SrIr 2 As 2 3 . In this paper, we report the occurrence of square-planar 
coordination of iridium in a novel iron iridium arsenide Cai 0 (Ir 4 As 8 )(Fe 2 As 2 ) 5 . This is the first inorganic 
compound that includes square-planar coordination of iridium. This compound exhibits superconductivity at 
T c = 16 K. First-principles calculations and X-ray photoelectron spectroscopy (XPS) suggest the presence of 
iridium (II) oxidation state. The resultant metallic nature of Ir 4 As 8 spacer layers will be discussed. 

Results 

Crystal structure. Single-crystal structure analysis revealed that the compound, discovered in this study, 
crystallizes in the tetragonal structure with the space group P4/n (#85) with a chemical composition of 
Ca 10 (Ir 4 As 8 )(Fe 2 As 2 ) 5 (see the Supplementary Tables SI and S2 for crystallographic data) (CCDC 962099). 
The atomic ratios of Ca : Fe : Ir : As = 10 : 10 : 4 : 18 are consistent with the results of energy dispersive X-ray 
spectrometry, 10 : 9.8 : 5.8 : 20.1. The structure consists of alternating stacking of (Fe 2 As 2 ) 5 and Ir 4 As 8 layers with 
five Ca ions between them, as shown in Figure 1. This is isotypic to Ca 10 (Pt 4 As 8 )(Fe 2 _ x Pt x As 2 ) 5 6 or oc- 
(CaFe 1 _ x Pt x As) 10 Pt 4 _ y As 8 7 . The Fe 2 As 2 layers, composed of edge-sharing FeAs 4 tetrahedra, are the common 
building block among iron-based superconductors 12 " 14 . The Ir 4 As 8 layers are unique to the present compound, 
and act as spacer layers. The size of the Ir square lattice (with an Ir-Ir distance of 4.41 1 A) is larger than that of the 
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Figure 1 | Crystal structure of Ca 10 (Ir 4 As 8 )(Fe2As 2 ) 5 with tetragonal 
structure [space group P4/n (#85)]. The thick solid lines indicate the unit 
cell, (a), (b), and (c) show the schematic overviews, Ir 4 As 8 layer, and 
(Fe 2 As 2 )5 layer, respectively. The blue and dark-blue hatches in (b) indicate 
IrAs 4 squares with coplanar Irl and non-coplanar Ir2, respectively. The 
dashed ellipsoids in (b) represent As 2 dimers. 

Fe 2 As 2 square lattice (3.860-3.924 A). This lattice mismatch leads to 
the formation of the ^5 X ^5 superstructure in the afr-plane, as shown 
in Figure lc. 

The characteristic square-planar coordination of Ir was found in 
the Ir 4 As 8 layers. There are two Ir sites, as shown in Figure lb. Irl 
adopts square-planar coordination, resulting in coplanar IrAs 4 
squares with a Irl-As3 bond length of 2.414 A. On the other hand, 



Ir2 is at a non-coplanar site with respect to the As 4 square; Ir2 is 
displaced upward/downward by 0.676 A toward the As4 ion at the 
adjacent Fe 2 As 2 layer, as shown in Figure la. However, the distance 
between Ir2 and As4 (3.000 A) is by far longer than the Ir2-As3 bond 
length (2.441 A), thus Ir2 can be regarded as adopting square-planer 
coordination. The corner- sharing IrlAs3 4 and Ir2As3 4 squares con- 
stitute Ir 4 As 8 layers, as shown in Figure lb, where the As3 atoms 
form As 2 dimers with an As-As bond length of 2.454 A, which 
comparable to twice the covalent radius of arsenic that is 2.42 A 18 . 
These bond lengths are similar to those in platinum analogue, 
Ca 10 (Pt 4 As 8 )(Fe 2 _ x Pt x As 2 ) 5 7 : Corresponding distances, Ptl-As3 = 
2.484 A, Pt2-As4 = 3.087 A, and Pt2-As3 = 2.415 A, suggest that the 
valence state of Ir is similar to that of Pt. 

Superconductivity. Figure 2 shows the temperature dependence of 
the in-plane electrical resistivity p a y of Ca 10 (Ir 4 As 8 )(Fe 2 As 2 ) 5 . p a b(T) 
decreases with decreasing temperature, and shows a kink at 
approximately 100 K. This kink is not due to antiferromagnetic 
ordering, which is widely observed in iron-based superconduc- 
tors 12 " 14 , since the single-peak structure of the 57 Fe-M6ssbauer 
spectrum at 300 K remains unchanged down to 50 K, as shown in 
the upper inset of Figure 2. At low temperatures, p a b(T) exhibits a 
sharp drop below 20 K, the characteristic of the onset of 
superconductivity. Zero resistivity was observed below 17 K. The 
10-90% transition width was estimated to be approximately 2 K. 
The bulk superconductivity was evidenced by the temperature 
dependence of the magnetization M, shown in Figure 3. M(T) 
exhibits diamagnetic behavior below 16 K. The shielding signal 
estimated at 5 K corresponds to 83% of perfect diamagnetism. 

Discussion 

The observed T c of 16 K is relatively low among iron-based super- 
conductors 12 " 14 . We suggest that Ca 10 (Ir 4 As 8 )(Fe 2 As 2 ) 5 is in an over- 
doped region. The lower inset of Figure 2 shows the temperature 
dependence of the Hall coefficient .Rh- The negative value suggests 



_ Ca 10 (lr4As 8 )(Fe 2 As2)5 




Temperature (K) 

Figure 2 | Temperature dependence of the electrical resistivity p a t, for 
Ca 10 (Ir 4 As 8 )(Fe 2 As 2 ) 5 . The upper inset shows 57 Fe-M6ssbauer spectra 
together with fitted curves. The lower inset shows the temperature 
dependence of the Hall coefficient R H . 
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Figure 3 | Temperature dependence of dc magnetization M for 
Ca 10 (Ir 4 As 8 )(Fe2As2)5 at a magnetic field H of 10 Oe in the zero-field and 
field cooling conditions. 

that the major carriers are electrons. The small value of £h as well as 
the small temperature dependence indicates the overdoping, as 
inferred from the ,R H of Ba(Fe 1 _ x Co x ) 2 As 2 20 . This is consistent with 
the absence of antiferromagnetic ordering, which is characteristic of 
underdoped regions 12 " 14 . The consideration of charge neutrality 
based on the Zintl concept results in the same consequence. 
Assuming a divalent Ir 2+ , the present compound is written as 
Ca 2+ 10 (Ir 2+ 4(As 2 ) 4 -4)(Fe 2+ 2 As 3 - 2 )5-2e-; the excess charge 0.2e~/¥e 
is intrinsically injected into the superconducting Fe 2 As 2 layers. This 
doping level corresponds to overdoping, judging from the data on 
doped BaFe 2 As 2 21 . We expect that a higher T c can be realized by 
reducing the intrinsic charge carriers. 

Iron-based superconductors reported to date can be characterized 
by the insulating spacer layers 12 " 14 , which include rare-earth oxides 22 
and alkaline- earth fluorides 23 with a fluo rite-type structure, alkali 24 
or alkali- earth 25 ion, and complex metal oxides with combined rock- 
salt and perovskite-type structures 26 " 30 . The insulating spacer layers 
are stacked in an alternating fashion with superconductive Fe 2 As 2 
layers, resulting in two-dimensional electronic Fermi surfaces that 
have been thought to be a key ingredient of high T c superconduct- 
ivity 12 " 14 . In contrast, the Ir 4 As 8 spacer layers of the present com- 
pound can be metallic: Figure 4 shows the partial density of states 
(pDOS) projections of Fe 3d and Ir 5d of Ca 10 (Ir 4 As 8 )(Fe 2 As 2 ) 5 from 
first-principles calculations using the WIEN2k package 31 . Fe 3d pre- 
dominates in the pDOS at the Fermi energy (£ F ), in common with the 
other iron-based superconductors 32 . A remarkable difference is 
noticeable in the pDOS of the spacer layers; a finite contribution of 
Ir 5d can be seen in the pDOS at £ F , suggesting that the Ir 4 As 8 spacer 
layers are metallic. This is in contrast with the negligible pDOS at £ F 
of the spacer layers for the other iron-based superconductors 12 " 14 ' 32 , 
including the platinum analogue Ca 10 (Pt 4 As 8 )(Fe 2 As 2 ) 5 : The Pt 4 As 8 
spacer layers are semiconducting because of the opening of the gap in 
the pDOS of Pt 5d at £ F 7,33 . The difference between the Pt 4 As 8 and 
Ir 4 As 8 layers might be attributed to that of the electron configura- 
tions; Pt 2+ (5d 8 ) forms a closed-shell configuration with a completely 
filled d xy orbital in the square-planar coordination, whereas d xy of 
Ir 2+ (5d 7 ) is formally half-filled, resulting in a metallic nature. The 
oxidation state of iridium (II) is suggested by first-principles calcula- 
tions, which give an estimate of the total number of electrons of Irl 
and Ir2 (and thus the nominal oxidation states) to be 74.89 (Ir 2 11 + ) 
and 74.91 (Ir 2 09+ ) from the sum of pDOS up to £ F , respectively. This 
is consistent with XPS results, as shown in Figure 5: The binding 
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Figure 4 | Electronic density of states (DOS) for Ca 10 (Ir 4 As 8 )(Fe 2 As 2 )5. 
The partial DOS projections (pDOS) of Fe 3d and Ir 5d are shown. The 
inset shows the pDOS of Ir 5d in the vicinity of the Fermi level E F . 

energy at the peak position of Ir 4/ 7/2 spectrum suggests that the 
valence of Ir in Ca 10 (Ir 4 As 8 )(Fe 2 As 2 ) 5 is close to 2 + , if we refer to 
the binding energy of Ca 3 CoIr0 6 34 with Ir 4+ and assume that the 
binding energy is decreased by approximately 1 eV when the valence 
is decreased by 1 as inferred from the XPS data of K 3 IrBr 6 and 
K 2 IrBr 6 . 

In cuprates, it has been suggested that the interlayer coupling of 
superconducting Cu0 2 planes enhances T c 35 . The metallic nature of 
the spacer layers of the present compound Ca 10 (Ir 4 As 8 )(Fe 2 As 2 ) 5 
may give rise to an opportunity to engineer the interlayer coupling 
of superconducting Fe 2 As 2 and to thus further enhance the super- 
conducting transition temperature. To do so, we have to develop 
chemical methods of optimizing the carrier concentration of 
Ca 10 (Ir 4 As 8 )(Fe 2 As 2 ) 5 . 

The unusual square-planar coordination of Fe 2+ has been reported 
for the oxide SrFe0 2 36 . It has been discussed that strong hybridiza- 
tion or covalent nature between Fe 3d and O 2p orbitals for Fe 2+ in 
the square-planar coordination is the key ingredient for the stability 
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Figure 5 | Ir 4f photoemission spectrum of Ca 10 (Ir 4 As 8 )(Fe 2 As 2 )5 taken 
at 300 K compared to those of Ca 3 CoIr0 6 and IrAs 2 . Broken lines 
represent the expected peak positions of Ir 4f 7/2 of Ir 4+ , Ir 3+ , and Ir 2+ for 
oxides. 
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of SrFe0 2 37 . Similar mechanism might be applicable to the formation 
of the square-planar coordination of Ir 2+ of Ca 10 (Ir 4 As 8 )(Fe2As2)5 
because of the strong hybridization between Ir 5d and As 4p orbitals. 

In summary, we found the square-planar coordination of iridium 
in the Ir 4 As 8 layers of the iron iridium arsenide Ca 10 (Ir 4 As 8 ) 
(Fe 2 As 2 ) 5 . This finding provided a novel iron-based superconductor 
with T c = 16 K. The optimization of the metallic spacer layer might 
offer a way to further increase the superconducting transition tem- 
perature of iron-based materials. 

Methods 

Preparation and characterization of samples. Single crystals of 
Ca 10 (Ir 4 As 8 )(Fe2As2)5 were grown by heating a mixture of Ca, FeAs, IrAs 2 , and Ir 
powders in a ratio of Ca : Fe : Ir : As = 10 : 10 : 4 : 18 or 10 : 26 : 14 : 40. The mixture was 
placed in an alumina crucible and sealed in an evacuated quartz tube. The 
manipulation was carried out in a glove box filled with argon gas. The ampules were 
heated at 700°C for 3 h and then at 1 100-1 150°C for 10-40 h, after which they were 
quenched in ice water. The quenching procedure was found to be crucial to obtaining 
the Ca 10 (Ir4As 8 )(Fe 2 As2)5 phase. This process yielded Caio(Ir 4 As 8 )(Fe 2 As2)5 together 
with a small amount of powder mixture of CaFe 2 As 2 and IrAs 2 . Plate-like single 
crystals of Ca 10 (Ir 4 As 8 )(Fe 2 As 2 ) 5 with typical dimensions of 0.5 X 0.5 X 0.02 mm 3 
were separated from the mixture. The crystals were characterized by synchrotron 
radiation X-ray diffraction 38 , energy dispersive X-ray spectrometry, and conventional 
transmission Mossbauer spectroscopy with a 57 Co/Rh source. 

Electrical resistivity and magnetization measurements. The electrical resistivity 
(parallel to the afr-plane) and Hall coefficient were measured using the Quantum 
Design PPMS. Magnetization was measured using the Quantum Design MPMS. 

X-ray photoelectron spectroscopy (XPS) measurements. The single crystals were 
cleaved under the ultrahigh vacuum for the XPS measurements that were carried out 
using JEOL JPS9200 analyzer and a Mg Ka source (1253.6 eV). The total energy 
resolution was set to about 1.0 eV. The binding energy was calibrated using the Au 4f 
core level of the gold reference sample. 
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